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The immune system can control infectious diseases
through different modes of action, including direct
killing or spatial confinement. Addressing how the
immune system impacts pathogen biology in vivo
has remained challenging. We expressed a photo-
convertible fluorescent protein in pathogens in order
to track their spatial dissemination in infected tis-
sues. In addition, we developed the fluorescence
recovery after photoconversion (FRAC) method in
order to probe pathogen metabolic activity in vivo.
Combining these two approaches in the context of
Leishmania major infection of mice and pharmaco-
logically inhibiting iNOS, we found that nitric oxide
produced during the immune response to L. major
reduces the metabolic activity of intracellular para-
sites without necessarily exerting direct killing. We
propose that this chronic pressure on pathogen pro-
liferation represents a sublethal mode of control
required for ultimately resolving the infection. The
ability to probe pathogen biology in response to
immune defense mechanisms in vivo should create
opportunities for better dissecting host-pathogen
interactions.
INTRODUCTION
The outcome of an infection is largely dependent on the path-
ogen behavior in the host tissue and its reactivity to immune
defense mechanisms (Bogdan et al., 2000; Eckmann et al.,
2000; Russell et al., 2009; Spencer et al., 2013). Understanding
how immune defense mechanisms impact on pathogen biology
in vivo is of critical importance for the design and optimization of
antimicrobial treatments (Monack et al., 2004; Schneider and
Ayres, 2008).
Intravital microscopy has allowed for tremendous advances
in understanding the dynamics of host-pathogen interactions460 Cell Host & Microbe 14, 460–467, October 16, 2013 ª2013 Elsevin vivo (Germain et al., 2012; Hickman et al., 2009). However,
visualizing how immune defense mechanisms eventually
achieve control of the pathogen burden has remained chal-
lenging. This is mainly due to the lack of tools for probing path-
ogen behavior in vivo.
We employed the well-characterized model of Leishmania
major cutaneous infection to dissect the interplay between the
immune response and an intracellular pathogen. L. major infec-
tion is controlled after several weeks in resistant mice through
the induction of a T helper 1 response, which promotes the pro-
duction of nitric oxide in phagocytes at the site of infection (Kaye
and Scott, 2011; Liew et al., 1990). Nevertheless, how nitric
oxide production contributes to pathogen control in vivo has
remained elusive (Bogdan, 2001; Fang, 2004). For example,
nitric oxide could exert direct parasite killing and/or contribute
to pathogen spatial confinement by preventing dissemination
into new host cells.
To address this issue, we introduced photoconvertible fluo-
rescence protein expression in the pathogen and established
that this approach permits the quantification of both pathogen
spread and metabolic activity in vivo. Our results reveal a
mode of pathogen control whereby nitric oxide produced during
the immune response has little effect on pathogen dissemination
but contains L. major infection by inhibiting parasite metabolism
without necessarily exerting direct killing.RESULTS
Tracking of the Photoconvertible L. major Strain
LmSWITCH at the Site of Infection
Intravital imaging is the technique of choice for analyzing host-
pathogen dynamics at the single-cell level (Germain et al.,
2012; Hickman et al., 2009), but this technique has been limited
by short observation periods. This precludes the detection of
potentially rare events such as pathogen division, killing, and
dissemination. The use of cells expressing photoconvertible
fluorescent protein is a promising approach for tracking defined
cell subsets during development and immune responses (Now-
otschin and Hadjantonakis, 2009; Tomura et al., 2010; Victora
et al., 2010). We set out to extend this methodology in orderier Inc.
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Figure 1. LmSWITCH Is a Photoconvertible L. major strain that Can Be Tracked in the Infected Tissue
(A) Photoconversion of LmSWITCH in the dermis with increasing doses of violet light.
(B) Intravital two-photon imaging up to 48 hr after photoconversion of the same site in the dermis.
(C) Red to green ratio of individual LmSWITCH parasites in (B).
(D–G) Automated analysis of LmSWITCH in the tissue.
(D) Intravital images before and after photoconversion of a defined region (dashed line). All fluorescent objects were detected automatically, and positional and
fluorescence values were converted into an in situ cytometry data set.
(E) Example of green and red fluorescence values from an in situ cytometry data set before and after photoconversion.
(F) LmSWITCH parasites exhibit a green 520 nm to 540 nm ratio significantly higher than autofluorescent objects, allowing for automated exclusion of
autofluorescence. Each dot represents one fluorescent object of equivalent size. ***p < 0.001; ns, not significant.
(G) Filtered data sets after elimination of autofluorescent objects show no false-positive red events before photoconversion. Scale bars represent 20 (A), 50 (B),
and 300 mm (D and G). Horizontal bars represent the median.
See also Figure S1.
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Tracking Pathogen Biology with Photoconversionto study the fate of infectious agents in vivo and generated a
L. major strain (LmSWITCH) that constitutively expressed the pho-
toconvertible fluorescent protein mKikumeGR (Habuchi et al.,
2008). This parasite exhibits a green fluorescence (520 nm emis-
sion) that could be switched in the infected skin by a pulse of
violet light (440 nm) to nearly complete red fluorescence
(580 nm emission) (Figure 1A). By marking three reference points
on the ear, we were able to relocalize the photoconverted region
of the infected tissue by triangulation after several days (Fig-
ure S1A available online). Notably, photoconverted and noncon-
verted parasites were clearly distinguishable up to 48 hr after the
light pulse (Figures 1B–1C), indicating that our approach is suit-
able for tracking parasites for 2–3 days. The photoconversion
procedure had no detectable effect on parasite growth in vitro
and did not modify immune cell dynamics in vivo (FiguresCell HostS1B–S1D). Finally, we devised a procedure for automatically
analyzing photoconverted LmSWITCH in the infected tissue. The
positions and fluorescence of individual parasites in the intravital
images were determined automatically and converted to an
in situ cytometry data set with the use of the custom designed
DISCit software (Moreau et al., 2012), which permitted gating
according to fluorescence as well as positional parameters (Fig-
ures 1D–1E). To automatically exclude autofluorescent objects,
we exploited the fact that the nonphotoconverted mKikumeGR
protein exhibits a distinct blue-green (520 nm) to yellow-green
(540 nm) emission ratio clearly higher than autofluorescent
objects (Figures 1F and S1E). As in our experimental conditions,
some nonconverted protein remained in all parasites, and we
could readily distinguish them from autofluorescent objects
(Figure S1E). The resulting filtered data sets were used for& Microbe 14, 460–467, October 16, 2013 ª2013 Elsevier Inc. 461
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Figure 2. Assessing the Role of iNOS on L. major Dissemination in the Tissue
(A) LmSWITCH-infected mice were treated with the nitric oxide synthase inhibitor L-NIL (red symbols) or left untreated (black symbols), and parasite numbers were
determined with limiting dilution. Each symbol represents one ear, and data are pooled from two independent experiments. Parasite numbers were normalized to
the average of the control group of each time point. Horizontal lines represent the average. *p < 0.05; ns, not significant.
(B) LmSWITCH was photoconverted in the ear dermis (dashed region) and analyzed in vivo over 48 hr after photoconversion.
(legend continued on next page)
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Tracking Pathogen Biology with Photoconversionthe tracking of parasite in the tissue, and they allowed for unam-
biguous determination of the photoswitched LmSWITCH popula-
tion (Figures 1F, 1G, S1F, and S1G).
Assessing the Role of Nitric Oxide on L. major
Dissemination in the Tissue
We sought to use the photoconvertible parasite to track dissem-
ination in the tissue and assess whether nitric oxide production
primarily acts to spatially confine the infection. To this end, we
blocked the activity of iNOS (the enzyme responsible for nitric
oxide production by phagocytes) using L-NIL. This specific in-
hibitor was shown to dramatically impair L. major control in
normally resistant mouse strains (Stenger et al., 1996; Stenger
et al., 1995). Highlighting the importance of nitric oxide in infec-
tion control (Evans et al., 1993; Liew et al., 1990), even short-term
(48 hr) inhibition of iNOS with L-NIL at 20 days after infection
resulted in a substantial increase in parasite burden. Inhibition
of iNOS at an earlier time point in the infection (day 10) had no
detectable effects (Figure 2A), underlining the importance of
iNOS once the T helper 1 response is launched (Linares et al.,
2001; Mu¨ller et al., 2012; Wakil et al., 1998).
To determine the extent of parasite dissemination at days 10
and 20 after infection, we quantified the egress of LmSWITCH
from defined photoconverted areas in the infected skin. We
devised a strategy to quantify the exchange of photoconverted
and nonconverted parasites at the rim of photoconverted zones
(Figure S2A). Interestingly, the parasite appeared remarkably
static, and the photoconverted zone remained well-defined for
at least 48 hr (Figure 2B). To test whether this confinement is
actively achieved by nitric oxide production, we repeated this
experiment in infected mice treated with L-NIL. In sharp contrast
to its effect on parasite numbers, iNOS inhibition did not promote
L. major spatial dissemination (Figures 2C–2F and S2A–S2C).
Fluorescence Recovery after Photoconversion Allows
Measurement of Parasite Metabolic Activity
Our results indicated that, once the infection is established in the
skin, L. major parasites remain in their original location for days
and that this feature was largely independent on nitric oxide pro-
duction. In the context of such static parasite behavior, nitric
oxide could limit parasite burden through at least two possible
mechanisms. First, nitric oxide could control the infection pri-
marily by the direct killing of intracellular parasites. In this model,
the parasite numbers are defined by the intrinsic proliferative
properties of the parasite and the rate of killing mediated by
the immune response. Alternatively, the immune response could
affect the metabolic activity of intracellular pathogen, thereby
also influencing parasite load by altering the rate of proliferation.
The existence of such a nonlethal mode of pathogen control
could account for the several months needed to resolve
L. major cutaneous infection (Lira et al., 2000), but this has not
been demonstrated in vivo.
To address this question, we established a method for quan-
tifying pathogen metabolic activity in vivo on the basis of the(C–F) No LmSWITCH egress from photoconverted zones (dashed circles) without (C
and 20 days (D and F) of infection. Curves show the absence of exchange of pho
For the 24 and 48 hr curves, a shaded area represents the 0 hr curve. Scale bar
See also Figure S2.
Cell Hostkinetics at which photoconverted parasites recovered their orig-
inal color. We observed that this fluorescence recovery after
photoconversion (hereafter referred to as FRAC) was largely
due to de novo production of nonconverted protein and the
dilution of photoconverted protein during division. Notably,
mKikumeGR protein was expressed under a ribosomal pro-
moter, and, thus, the production of nonconverted fluorescent
protein should reflect parasite protein biosynthesis. We found
that FRAC in cultured parasite was closely associated with pro-
liferation (Figures 3A, S3A, and S2B). Notably, suboptimal prolif-
eration conditions were associated with a slower FRAC rate
(Figures S3C–S3E). Blocking of parasite mitochondrial respira-
tion with sodium azide substantially reduced FRAC rate and pro-
liferation in a dose-dependent manner (Figures S3F and S3G),
suggesting a close link between parasite metabolism, prolifera-
tion, and FRAC.
We exploited this strategy in order to probe the metabolism of
parasites in infected macrophages and assess the impact of
nitric oxide production. First, we measured FRAC in intracellular
parasites that were not subjected to the effect of nitric oxide.
In activated macrophages in which iNOS was inhibited, we
observed that parasite division events were preceded by a dra-
matic burst of nonconverted fluorescent protein production,
accelerating the recovery from photoconversion (Figures 3B
and 3C and Movie S1). This burst most likely reflected an overall
increase in protein biosynthesis required for parasite division. In
contrast, nondividing parasite maintained a nearly constant ratio
of photoconverted to nonconverted proteins, a slight overall
fluorescence decrease being most likely due to photobleaching.
In activatedmacrophages with intact iNOS activity, we observed
that a larger fraction of parasites (10% with active iNOS versus
5% under iNOS inhibition) was dying over a period of 15 hr of
imaging. However, the majority of L. major parasites persisted,
and even division events were observed, although at a lower fre-
quency. Strikingly, the de novo production of fluorescent protein
in these dividing parasites was substantially impaired (Figures
3D–3H and S4A–S4C and Movie S1). This suggests that nitric
oxide produced by macrophages can reduce parasite meta-
bolism without necessarily exerting direct killing. Consistently,
we found that parasite cultured in a presence of a nitric oxide
donor exhibited a slower FRAC rate and reduced growth (Figures
S4D and S4E).
Nitric Oxide Production Reduces L. major Proliferation
In Vivo
The close association of recovery from photoconversion with
proliferation observed in our experiments suggested that the
FRAC approach could be used to probe L. major metabolism
directly in vivo. For this, we infected mice with LmSWITCH and
measured the parasite’s recovery from photoconverted fluores-
cence with or without iNOS inhibition 10 or 20 days later. Strik-
ingly, at day 20 after infection, we observed a substantially faster
recovery from photoconversion in infected recipients with inac-
tive iNOS than in untreated controls (Figures 4A and 4B).and D) or with (E and F) application of L-NIL and determined after 10 (C and E)
toconverted and nonconverted parasite at the rim of the photoconverted zone.
s represent 300 mm.
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Figure 3. Fluorescence Recovery after Photoconversion Reveals Nitric-Oxide-Dependent Inhibition of Parasite Metabolic Activity
(A) FRAC of exponentially growing LmSWITCH in vitro. Averages of quadruplicates ± SD are shown.
(B andC) In vitromacrophages infectedwith LmSWITCH and photoconversion 6 hr after the activation of themacrophages. FRACdetermination under the inhibition
of iNOS. An increase of green fluorescence before and a decrease in red fluorescence after the division event are represented by the dashed line. The scale bar
represents 10 mm.
(D and E) With iNOS active, dividing parasites (boxed) show no increase in green fluorescence prior to the division event.
(F–H) Relative change of green (F) and red (G) fluorescence and red to green ratio (H) determined in intracellular parasites with or without iNOS inhibition. Each dot
represents one parasite. Horizontal bars represent the average. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. Scale bars represent 10 mm.
See also Figure S3 and Movie S1.
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Tracking Pathogen Biology with PhotoconversionNotably, most photoconverted parasites persisted for at least
48 hr (Figures 1B, 2B, and 4A), suggesting that nitric oxide pro-
duction impacted on L. majormetabolic activity without exerting
massive levels of killing. In line with this finding, intravital imaging
of the infected dermis for several hours revealed that parasite
disappearance was a very rare event (Movie S2). Consistent
with the effect of iNOS inhibition on parasite burden (Figure 2A),
the impact of iNOS on parasite metabolism was evident at day
20 after infection but not at day 10 (Figures 4C and 4D). Interest-
ingly, parasite recovery from photoconversion was faster at day
10 than at day 20 after infection in control mice (Figures 4C and
4D, black symbols), reflecting the progressive pressure exerted
on parasite metabolism after adaptive immunity is in place.
DISCUSSION
Understanding how individual pathogens react to the immune
response is critical to gaining insights into pathogen susceptibil-
ity to drug treatment and the occurrence of immunopathologies
(Muir et al., 1984; Peng et al., 2011; Sarathy et al., 2013; White-464 Cell Host & Microbe 14, 460–467, October 16, 2013 ª2013 Elsevhead and Peto, 1990). Tools for probing pathogen biology dur-
ing infection have been largely limited. Although assays based
on the dilution of dyes or plasmids can provide information on
pathogen proliferation, their use is restricted to the study of
early infection events (Chang et al., 2007; Helaine et al., 2010;
Shea et al., 1999). In contrast, our photoconversion approach
enabled us to probe the effect of nitric oxide on pathogen
biology at any chosen stage of the infection. This molecule is
critical for the resolution of L. major infection but has pleiotropic
effects that are difficult to disentangle. In vitro, nitric oxide is
known to induce parasite killing, but it can also alter some as-
pects of its metabolism, for example, by inhibiting citrate cycle
enzymes (Lemesre et al., 1997). However, determining the
dominant role of nitric oxide in vivo has been challenging so
far. Here, we report that, rather than inducing massive levels
of parasite killing or preventing parasite dissemination, nitric ox-
ide has a profound impact on pathogen metabolic activity
in vivo.
Indeed, although we could observe that nitric oxide kills a frac-
tion of the parasites, we found that it exerts a sublethal effect onier Inc.
A B
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Figure 4. iNOS Reduces Parasite Metabolic Activity In Vivo
(A and B) Recovery after photoconversion in LmSWITCH in a control mouse (A) and amouse treated with the iNOS inhibitor L-NIL (B) at day 20 after infection. Scale
bars represent 50 mm.
(C and D) FRAC analysis of LmSWITCH in mice after 10 (C) or 20 days (D) of infection. During the 48 hr of analysis, mice received L-NIL (red symbols) or were left
untreated (black symbols). Each dot represents a parasite. The values are normalized to the average red to green ratio before and after photoconversion of each
region of interest analyzed. Data were pooled from two to three 100 3 100 mm regions of interest per mouse from at least six mice per experimental condition.
Horizontal lines represent the median. ***p < 0.001; ns, not significant.
See also Figure S4 and Movie S2.
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Tracking Pathogen Biology with Photoconversionthe majority of intracellular parasites in vivo. This effect could be
uncovered by FRAC, an approach exploiting the turnover of pho-
toconverted fluorescent protein. Using several in vitro assays,we
showed that the FRAC rate reflected parasite metabolism and
proliferation. Notably, these two parameters are closely linked,
given that metabolically active parasites are expected to divide
more often. Specifically, we found that the recovery from photo-
conversion was largely influenced by the burst of protein synthe-
sis observed prior to division. In the presence of nitric oxide, we
observed not only that fewer parasites divided but also that the
few dividing parasites lacked this burst of protein synthesis, sug-
gesting impaired overall metabolism. Therefore, the bulk of our
data suggest that, in the presence of nitric oxide, parasites are
less metabolically active, resulting in reduced proliferation and
reflected by a diminished FRAC rate. We speculate that the
decrease of metabolic activity represents a stress response to
the oxidative conditions imposed by nitric oxide.Cell HostDuring chronic infection, pathogen load at the site of infection
is the result of a balance between pathogen proliferation and
clearance. We propose that the observed dampening of path-
ogen metabolic activity ultimately shifts this equilibrium in favor
of the host immune defense. In sum, we have provided in vivo
evidence for a sublethal mode of pathogen containment by nitric
oxide thatmost likely favors parasite clearance in the context of a
slow rate of parasite killing. By extending the use of photocon-
vertible fluorescent proteins to pathogens, we establish avenues
for investigating host-pathogen interactions with a high spatio-
temporal resolution.EXPERIMENTAL PROCEDURES
Parasites
L. major LRC-L137 V121 wild-type or DsRed-expressing parasites have been
described previously (Misslitz et al., 2000; So¨rensen et al., 2003). The& Microbe 14, 460–467, October 16, 2013 ª2013 Elsevier Inc. 465
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Tracking Pathogen Biology with PhotoconversionLmSWITCH parasite strain was generated by targeted integration of the
mKikumeGR gene into the recombinant RNA locus of L. major LRC-L137
V121. For this, themKikumeGR gene sequence (Habuchi et al., 2008) was syn-
thesized (Eurofins Scientific) and cloned via BamHI-BglII and AflII (Roche) into
a pLEXSY-Hyg2 vector (Jena Bioscience). The resulting plasmid was
linearized and electroporated into L. major. Stable transfectants were selected
with 30 mg/ml hygromycin B (Invitrogen) in M119 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS), 0.1 mM adenine, 1 mg/ml
biotin, 5 mg/ml hemin, and 2 mg/ml biopterin (all from Sigma-Aldrich). Single
clones were obtained by limiting dilution.
Mice and Infection Experiments
Wild-type C57BL/6 and Balb/C mice were purchased from Charles River
Laboratories. LysM-GFP transgenic mice expressing GFP in neutrophils and
macrophages (Faust et al., 2000) were bred under specific pathogen-free con-
ditions at Institut Pasteur. Animal experiments were performed in accordance
with the guidelines of Institut Pasteur for animal care and use.
For the infection of mice, the parasites were grown at 28C in supplemented
M119 medium (described above), and 105 stationary phase promastigotes
were resuspended in 5 ml PBS and injected into the ear dermis.
For iNOS inhibition, 11.5 mg/kg L-N6-(1-Iminoethyl)lysine dihydrochloride
(L-NIL, Sigma-Aldrich) per day was injected intravenously in 100 ml PBS begin-
ning at the day of photoconversion.
For limiting dilution analysis of parasite load, infected ears were separated
into dorsal and ventral sheets and digested in RPMI 1640 medium containing
1 mg/ml collagenase and 50 mg/ml DNase (Sigma-Aldrich) for 1 hr at 37C and
passed through a 70 mm cell strainer. Triplicates of each homogenate were
diluted in 1.5-fold dilution steps in supplemented M199 medium (described
above), and the initial parasite number was determined after 7 days at 28C
from the highest dilution at which at least two of the triplicates exhibited para-
site growth.
Time-Lapse Videomicroscopy
Peritoneal mouse macrophages were cultivated in RPMI supplemented with
10% FBS and infected at a multiplicity of infection of 10 stationary phase pro-
mastigotes (opsonized with 4% naive mouse serum in RPMI). Extracellular
parasites were washed away after 2 hr, and the macrophages were activated
after 20 hr of infection by the addition of 10 ng/ml IFN-g (R&D Systems) and
1 mg/ml lipopolysaccharide (E. coli O26:B6, Sigma-Aldrich). Where indicated,
iNOS was inhibited by the 23 mg/ml of L-NIL. Time-lapse microscopy was
performed with the use of a DMI6000B inverted microscope (Leica Microsys-
tems) equipped with an environmental chamber for temperature, humidity,
and CO2 (PeCon) with a 203 and 0.75 NA dry objective (Olympus) and a
CoolSNAP HQ2 Roper camera (Photometrics) 6 hr after induction. The
movies were processed with ImageJ (National Institutes of Health, http://
rsb.info.nih.gov/ij/).
Intravital Imaging
Mice were anaesthetized and prepared for intravital microscopy as described
previously (Mu¨ller et al., 2012). Two-photon imagingwas performedwith a 253
and 1.05 W MP objective (Olympus) on a DM6000 upright microscope equip-
ped with a SP5 confocal head (Leica) and a Chameleon Ultra Ti:Sapphire laser
(Coherent) tuned at 960 nm. The emitted signal from the parasites was split
with dichroic mirrors and filtered with 520/35 nm, 543/27 nm, and 607/
70 nm band pass filters (all filters and mirrors were from Semrock) before
collection with nondescanned detectors.
Typically, imaging volumes of 10003 10003 100 mm for automated analysis
were obtained by collecting and combining 9–16 smaller volumes of 3 mm-
spaced z stacks using the acquisition software (LAS AF, Leica).
Photoconversion
Violet light at 440 nmwavelength for photoconversion was obtained by filtering
with a 455 nm dichroic mirror and a 440/21 nm band pass filter (Omega
Optical). Photoconversion was performed with a 100W HBO mercury arc
lamp (Osram) with a theoretical output of 30 mW/cm2 for a 253 objective
and 1.5 mW/cm2 for a 53 and 0.15 W MP (Leica) objective for the filters
used according to the manufacturer’s specifications. Prior to every experi-
ment, the illumination time was calibrated to increase the red-green fluores-466 Cell Host & Microbe 14, 460–467, October 16, 2013 ª2013 Elsevcence ratio in photoconverted parasites by a factor of four in comparison to
nonconverted parasites. On average, illumination times of 30 s for in vivo pho-
toconversion were used at maximum lamp output with the 253 objective.
Exponentially growing LmSWITCH parasites were photoconverted in 40 ml
aliquots in 384-well plates illumination under a 53 objective. The photocon-
verted parasites were analyzed after 6, 18, 30, and 42 hr with an LSRII flow
cytometer.
Image Processing and Analysis
Intravital 3D image volumes were processed and superimposed with the
Imaris (Bitplane). Particle analysis was performed automatically on a com-
bined channel of red-green (520 nm) and green (540 nm) fluorescence using
the surface tracking function in Imaris. Exported fluorescence and positional
data were converted to cytometry-compatible .fcs files with DISCit (Moreau
et al., 2012) and analyzed with FlowJo (Tree Star). For the exclusion of auto-
fluorescent objects such as hair follicles and dead keratinocytes, LmSWITCH
of every region of interest analyzed were identified according to their charac-
teristic green (520 nm) to green (540 nm) ratio that was found to be significantly
higher than the green (520 nm) to green (540 nm) (see Figures 1F and S1E).
Accordingly, parasites were gated for in a 540 nm versus 520 nm fluorescence
intensity plot. The resulting gate was applied to all time points of the corre-
sponding region of interest.
For the determination of parasite exchange of parasite between photocon-
verted and nonconverted zones, the X and Y coordinates of the center of the
photoconverted zone was determined manually, and the X and Y distance
from the center to each parasite was calculated and plotted against the
normalized red to green ratio. Curves of red to green ratio changes with
increasing distance from the center of photoconversion were plotted as
floating averages over 20 values.
Statistical Analysis
Statistical analyses of paired samples were performed with the Mann-Whitney
U test, and multiple-sample comparison was performed with a one-way
ANOVA followed by a Bonferroni pair comparison post test of Prism 5
(GraphPad). A p value of less than 0.05 was considered as significant and
marked with an asterisk in the figures. Values of less than 0.01 or 0.001
were assigned two or three asterisks, respectively.
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